Purpose Virtual reality (VR) during chemotherapy has resulted in an elapsed time compression effect, validating the attention diversion capabilities of VR. Using the framework of the pacemaker-accumulator cognitive model of time perception, this study explored the influence of age, gender, state anxiety, fatigue, and cancer diagnosis in predicting the difference between actual time elapsed during receipt of intravenous chemotherapy while immersed in a VR environment versus patient's retrospective estimates of time elapsed during this treatment. Materials and methods This secondary analysis from three studies yielded a pooled sample of N=137 participants with breast, lung, or colon cancer. Each study employed a crossover design requiring two matched intravenous chemotherapy treatments, with participants randomly assigned to receive VR during one treatment. Regressions modeled the effect of demographic variables, diagnosis, and Piper Fatigue Scale and State Anxiety Inventory scores on the difference between actual and estimated time elapsed during chemotherapy with VR. Results In a forward regression model, three predictors (diagnosis, gender, and anxiety) explained a significant portion of the variability for altered time perception (F=5.06, p=0.0008). Diagnosis was the strongest predictor; individuals with breast and colon cancer perceived time passed more quickly.
Introduction
A major factor in the improvement of US 5-year cancer survival rates over the past three decades has been the development of increasingly effective cancer treatments, most of which now involve chemotherapy [11] . Chemotherapy has significantly extended life in patients with many forms of cancer, in some cases effecting cures, but these outcomes have been achieved at the cost of heavy collateral damage to patients from adverse side effects and impaired quality of life [7, 11, 38] . Despite considerable improvement in specificity and side effect profiles of chemotherapeutic regimens, prevalence of adverse treatment-related symptoms remains high [2, 8, 19, 26, 38] .
Accordingly, although the expectations of patients vary, many experience considerable pretreatment anxiety [7, 16] and approach the first IV chemotherapy infusion cycle anticipating unpleasantness both during and after treatment [1, 2, 19, 38] . Anxiety and negative expectations are both significantly associated with worse treatment-related adverse effects, which in turn may trigger the development of conditioned responses to chemotherapy administration (such as anticipatory nausea/vomiting and needle phobia) or initiate vicious cycles of symptom exacerbation after subsequent treatments that diminish quality of life and increase physical and psychosocial distress [8, 9, 19, 26, 29, 46] . High levels of treatment-related distress increase the risk of noncompliance, decreased or delayed dosing, and interruption or discontinuance of chemotherapy [1, 16, 29] , which can reduce the likelihood of remission or cure and jeopardize survival [15, 46] . In view of these considerations, early delivery of interventions to improve tolerability of initial chemotherapy sessions is a key to achieving better patient outcomes.
Time perception during chemotherapy: cognitive model
Occupation of treatment time has been identified as an important process-related concern of chemotherapy recipients [40] , but patients' experience of the passage of time during treatment has not been extensively explored. Patients' perceptions of time can be framed in general terms using the pacemaker-accumulator (PA) model [4, 5, 12, 43 ]. This cognitive model, a dominant paradigm in time perception research, has been applied to studies of both prospective and retrospective duration estimation for intervals ranging from fractions of a second to many minutes [12, 17] .
The PA model (Fig. 1a) includes three processing stages: clock, memory, and decision. The clock includes a pacemaker which emits regular pulses (representing discrete "packages" of time) and an accumulator which collects them, connected by an on/off switch controlling pulse transfer. When the interval starts, the switch turns on and pulses pass through to the accumulator. The switch turns off when the interval ends, and the total number of pulses collected in the accumulator represents its experienced duration. The memory stage includes working (short-term) and reference (longterm) memory. Working memory receives the accumulator output and packages it for transfer to reference memory (which adds it to duration reference data compiled from earlier experiences) and to the comparator. The comparator (the locus of the decision stage) compares the duration representation from working memory with significant durations previously stored in reference memory; the outcome of the comparison determines a behavioral response, such as the estimate given by an individual when asked to report the duration of an interval [4, 5, 12, 43] . Figure 1a is an idealized representation of time perception in a neutral environment: The pacemaker generates pulses at a constant base rate, and sufficient attentional resources are allocated to time processing to keep the switch in the "on" position throughout an interval. These conditions permit uninterrupted pulse transfer to the accumulator, so that the total number of pulses collected increases linearly with elapsed time, and the system generates duration estimates that accurately represent reality [5, 43] . However, a patient "watching the drip to see if it's near empty and watching the clock" [24] (p. 289) is not in an ideal situation; IV chemotherapy does not take place in a neutral environment. The treatment process can present unpleasant stimuli (e.g., pain from venipuncture or accessing a port; anticipatory nausea), and fear, sadness, or anxiety can arise when patients observe their own treatment or that of others [1, 9, 24, 45] . Patients experiencing pain, distress, and anxiety tend to perceive time as passing very slowly [36, 43, 44] , and the PA model provides an explanation (Fig. 1b) . Aversive stimuli distort time perception by promoting negative physiological arousal, which accelerates the rate of pulse generation in the pacemaker; they also focus patients' attention on the passage of time during chemotherapy, which keeps the switch between pacemaker and accumulator in the "on" position [5, 12, 43] throughout treatment, allowing all generated pulses to reach the accumulator. The accumulator therefore collects more pulses during a treatment interval than during an equivalent period of time in a neutral environment, so the experienced duration of treatment exceeds its actual duration, yielding an overestimate of total time elapsed.
Distraction interventions that increase tolerability of initial treatment can decrease the salience of negative stimuli associated with chemotherapy [7, 31, 33] , counteracting or even reversing distortions of time perception induced by those stimuli (Fig. 1c) . Distraction overrides negative stimuli from the treatment environment and generates competing stimuli of positive emotional valence. These positive stimuli, like negative stimuli, can increase arousal; however, arousal by positive stimuli does not accelerate the pacemaker pulse generation rate [12] . Furthermore, distractions that increase patients' sense of control and allow them to take action during treatment can actually decrease the rate of pulse generation because anticipation of intentional action and its consequences slows down the pacemaker [20] .
Distraction interventions divert attention toward enjoyable non-temporal cognitive tasks and away from the passage of time [41] . Attention is a limited cognitive resource; a certain amount of it must be dedicated to time perception to keep the switch between pacemaker and accumulator in the "on" position so that all pulses generated in the pacemaker reach the accumulator [12, 43] . Distractions that divert enough attention from time perception to competing cognitive tasks can flip the switch to the "off" position during those tasks, causing some pulses to be lost [41] . This reduces the number of pulses collected in the accumulator during treatment, shortening its experienced duration [6, 12, 41] , and ultimately leads to underestimation of time elapsed during treatment. Magnitude of underestimation is greatest when distractions involve highly complex tasks requiring considerable attentional engagement [6] .
Distraction interventions for chemotherapy
Progressive relaxation, guided imagery, and cognitive distractions such as reading, humor, music, and movies have been used with some success to distract patients receiving chemotherapy [32, 45] . These interventions can counteract distortions of time perception that appear to slow the passage of time during chemotherapy by (a) decreasing arousal due to negative stimuli, preventing acceleration of pulse production in the pacemaker, and (b) diverting enough attention away from temporal processing to impair switch function and prevent transfer of some pulses to the accumulator (Fig. 1c) . Relaxation and imagery allow patients to exercise some control over the treatment experience and may be able [43] (p. 8) and Droit-Volet and Gil [12] (p. 1944) and incorporate concepts from Chaston and Kingstone [6] , Humphreys and Buehner [20] , and Wearden [41] to slow pulse generation in the pacemaker so that time appears to pass more rapidly during treatment. However, these interventions can be effectively deployed only if patients learn and practice the requisite techniques before the first chemotherapy session, and some patients lack the capacity to master these techniques [32] . For all distraction interventions, successful implementation requires patients to consistently focus their attention on the distracter, ignoring input from the treatment environment, throughout a process which typically takes 45-90 min and may require several hours. Unfortunately, few patients can sustain full concentration for such durations [32] .
Virtual reality distraction interventions
In this context, virtual reality (VR) is a promising intervention for chemotherapy recipients. VR is an interactive technology providing multimodal sensory input that allows users to participate actively in an immersive computer-generated environment [42] . A head-mounted display (HMD) generates visual and auditory stimuli. It can reproduce and enhance the distractive qualities of guided imagery for patients who cannot visualize successfully [42] . The HMD also effectively blocks competing external stimuli, withdrawing patients from "the anxietyinducing sights and sounds of the 'sick patient' environment" [22] (p. 261) of the clinic. VR also provides kinesthetic stimulation as users navigate the virtual environment with a computer mouse or joystick [23, 42] .
VR therapy modulates attentional and emotional processes and reduces pain-related brain activity [18] . It is an effective analgesic for patients with burn injuries, providing better pain relief for them than distraction with movies or video games because the HMD enhances the subjective experience of immersion and physical location in the virtual world (presence) while minimizing input from the medical environment [27, 35] . VR distraction intervention can also reduce acute pain, distress, and anxiety in patients undergoing other painful medical and dental procedures [23, 27, 35, 42] and relieve symptom distress in both adult and pediatric chemotherapy patients, with high satisfaction reported in all age groups [31] [32] [33] [34] .
The limited literature on time perception during VR immersion suggests that VR can make time seem to pass more quickly. VR distraction permitted healthy adults [22] and children [10] to tolerate experimentally generated ischemic pain for significantly longer periods of time. Subjective responses by pediatric patients in trials of VR distraction intervention during chemotherapy indicated that time seemed to pass more quickly when VR was used [34] . Seven of ten adults receiving VR therapy during dental treatment underestimated time elapsed [42] . Sixteen older women with breast cancer receiving VR distraction during chemotherapy made estimates of treatment duration that were significantly shorter than the actual elapsed time [31] , and this finding has been replicated in a larger, more diverse patient sample [32] .
Meta-analyses of time perception research indicate that age and gender may affect accuracy of time estimation [3] , raising the possibility that demographic factors affect duration judgments made by patients receiving therapy while immersed in VR, although these issues have not yet been addressed.
Clinical factors such as anxiety and distress are also known to affect time perception and have been associated with overestimation of interval duration in various samples [12, 43] including cancer patients [44] . There is also some evidence that fatigue can also distort time perception. Duration estimates lengthened significantly as fatigue increased in one study of sleep-deprived healthy volunteers, but fatigue had little effect on the length of estimates in two similar studies [25] . Effects of fatigue on time perception
have not yet been explored in patients with cancer, although fatigue is one of the most frequently reported side effects of the treatments used to combat their disease [19] .
In this context, the effects of VR intervention on time perception might be expected to differ among patients with different demographic and clinical characteristics. In addition, there are reports of differences in symptom patterns among cancer diagnoses [13, 16] , raising the possibility of diagnosis-specific differences in patient responses to VR intervention during chemotherapy.
Study objectives
This study was designed to:
& Explore the influence of age, gender, state anxiety, fatigue, and diagnosis on time perception in cancer patients receiving intravenous chemotherapy with a VR distraction intervention within the framework of the PA cognitive model of time perception and & predict the effects of these variables on the difference between the actual time elapsed while patients received chemotherapy while immersed in a VR environment and their retrospective estimates of elapsed time.
Materials and methods
This is a secondary analysis of pooled data collected from three trials evaluating effectiveness of VR in reducing chemotherapy-related symptom distress in cancer patients. Study participants were recruited from Comprehensive Cancer Centers at Duke University [31, 32] and Case Western Reserve University [33] . Each study was approved by the human subjects review board and protocol review committee of the participating cancer center. Informed consent was obtained from all participants.
Sample
Inclusion criteria for participation in all studies were: first diagnosis of breast, colon, or lung cancer; age≥18 years; planned treatment included at least two matched IV chemotherapy cycles; able to read and write in English and give informed consent. Exclusion criteria for study participation were: any clinical evidence of primary or metastatic disease to the brain and any history of either motion sickness or seizures. The pooled sample of participants from the three studies yielded a sample of N=137 for analysis. Of these, 66.4% were diagnosed with breast cancer, 20.5% with lung cancer, and 13.1% with colon cancer.
Procedures
Each study employed a crossover design requiring two matched intravenous chemotherapy treatments. Participants were randomly assigned to receive VR distraction intervention during the first or second treatment and standard care with no distraction during the alternate treatment. The VR intervention, delivered using commercially available HMDs, 1 was provided during the entire period of IV infusion, including delivery of pre-medications, antiemetics, and chemotherapeutic agents. The researcher installed the HMD on the participant's head as IV infusion started and removed the HMD as soon as the infusion process was completed. Patients selected an initial VR scenario from a menu of multiple options and were free to switch scenarios at any point during the treatment period [30, 31] . Results supported the premise that VR as a distraction intervention helped mitigate chemotherapyrelated symptoms [33] . Additional details of subject recruitment, data collection methods, VR scenarios, and outcomes are reported elsewhere [31] [32] [33] .
Measures
Participants provided demographic information (age, gender, and race/ethnicity) and diagnosis on a questionnaire administered before the first chemotherapy treatment. Anxiety and fatigue were measured pretest and posttest for both VR distraction and standard care treatments.
Anxiety was assessed with the State-Trait Anxiety Inventory for Adults (STAI) [36] which measures transitory anxiety states including those associated with stressful procedures. The STAI can be completed in 8-12 min. Respondents rate each of 20 items on a 1-4 Likert-type scale; half of the items are reverse-scored. Weighted item scores are summed to obtain the total score (range, 20-80; high values indicate greater anxiety). Validity and reliability of the STAI are well established [37] ; the standardized Cronbach's α for this sample was 0.93.
Fatigue was assessed using the Revised Piper Fatigue Scale (PFS) which measures multiple dimensions of subjective fatigue. The PFS can be completed in 5-8 min. It includes 22 items scaled 0-10 (higher scores indicate greater fatigue); total score is the mean of all item scores [28] . Standardized Cronbach's α for the PFS in this sample of cancer patients was 0.97.
The researcher recorded the time elapsed during each patient's chemotherapy treatment session with VR intervention without alerting the patient that this measurement was being taken. The starting point for time measurement was the placement of the virtual reality HMD on the patient's head as infusion began; the end point was the removal of the HMD as infusion ended (waiting time in the chemotherapy suite and time required for IV/port access were not included). Thus, for the purposes of this study, the acual time elapsed during the chemotherapy session with VR intervention is defined as the full duration of IV infusionincluding time required to deliver pre-medications and antiemetics as well as all chemotherapeutic agents-as measured by the researcher.
Patients were not informed beforehand that they would be asked any questions about the passage of time during chemotherapy. Instead, as the HMD was being removed at the end of the treatment session, the researcher asked the patient to retrospectively estimate the amount of time that had elapsed (in minutes) while the patient was using the virtual reality intervention. The estimate provided by the patient in response to this request is defined as the estimated time elapsed.
Analysis
Each participant's estimate of the number of minutes elapsed during the chemotherapy session with VR distraction was subtracted from the actual number of minutes elapsed as recorded by the researcher for that treatment session. This time difference variable (which takes a positive value when participants underestimate time elapsed and a negative value when participants overestimate time elapsed) was the dependent variable in all models. Independent variables of interest included age, gender, diagnosis (breast, colon, or lung cancer), and total pretest scores on anxiety and fatigue measures administered before the chemotherapy session with VR distraction. Data were analyzed with SAS® version 9.1.3. After initial screening of data for errors and outliers, descriptive statistics were calculated for all variables.
Ordinary least squares (OLS) multiple regressions using forward, backward, and stepwise selection techniques were used to evaluate effects of age, gender (0 = female, 1 = male), cancer diagnosis, anxiety (STAI total), and fatigue (PFS total) on the dependent variable (difference between the actual and estimated time elapsed). Cancer diagnosis was recoded by constructing dummy variables "Breast" (coded as 1 in patients with breast cancer, 0 otherwise) and "Colon" (coded as 1 in patients with colon cancer, 0 otherwise). Each cancer diagnosis was thus represented by a unique pair of Breast and Colon dummy variables: breast cancer (1,0); colon cancer (0,1); lung cancer (0,0). Independent variables were entered into the models as follows: 
Results

Descriptive statistics
Sample demographics are presented in Table 1 . Actual time elapsed during chemotherapy treatment sessions with VR intervention as recorded by the researcher averaged 63 min for the pooled sample. Mean values of this variable for patients with breast, colon, and lung cancer were 62, 76, and 57 min, respectively, with a wide range of values (from 15-20 min to 3+ h) recorded within each of the three diagnosis groups (Table 2) . Most participants underestimated the duration of VR intervention during chemotherapy sessions, but the magnitude of differences between actual time elapsed and estimated time elapsed varied by cancer diagnosis (Table 2) . On average, patients with breast cancer underestimated the duration of the chemotherapy treatment session with VR immersion by 23 min, colon cancer patients underestimated it by 12 min, and lung cancer patients underestimated it by <4 min (Fig. 2) .
Regressions
In regressions of the time difference variable (actual minus estimated time elapsed during chemotherapy with VR immersion) on the independent variables, no collinearity or influential observations were detected. F values for all models were significant at p≤0.001, but each included a different set of independent variables (Table 3 ). All three models included both cancer diagnosis variables; two included gender, one included anxiety, and none included age or fatigue. Adjusted R 2 was highest (0.134) in the forward selection model, with cancer diagnoses, gender, and anxiety explaining ∼13% of variation in the time difference variable. In all models, diagnoses of breast and colon cancer predicted greater values of this variable and the signs of the coefficients were positive, indicating that patients with these diagnoses tended to underestimate treatment time. Breast cancer effects were significant at p<0.01 in all models; colon cancer effects were significant at trend level (0.05 < p < 0.10) in forward and stepwise models. The negative sign of the gender coefficient in forward and stepwise models suggests that males might overestimate rather than underestimate treatment time, but this effect was non-significant. The effect of anxiety was slight in the one model that included this variable.
Discussion
This analysis is the first to examine factors influencing time perception in patients using VR distraction during chemotherapy. Retrospective estimates of time in chemotherapy with VR immersion averaged 45 min, a 28% underestimate of actual time elapsed (mean=63 min). Comparable underestimates (21-31%) have been reported in retrospective estimation by adolescents playing video games for a standardized 24-min period [39] .
Age was not a significant predictor of differences in time perception in this study. However, comparability of our sample (mean age 52.4 years, range 27-78) to the literature (which focuses on contrasts between young and old adults and maturation effects in children) [3, 12] may be limited. Gender did not significantly affect time perception in this analysis, but the low proportion of men to women in our sample limits the generalizability of this finding [39] . Earlier research on anxiety and time perception [43, 44] indicated that individuals with lower anxiety levels tend to perceive time as passing more quickly. Anxiety met the criteria for inclusion in the model that explained the largest amount of variance (forward selection), and the direction of the anxiety effect on the time difference variable in this model (Table 3) was consistent with what would be expected from the literature.
However, the magnitude of this anxiety effect was too small to be significant. The relatively low baseline level of anxiety in this sample may have limited detectability of an anxiety effect on time perception during VR distraction. Baseline measurements of fatigue were also relatively low in this sample, a factor which may have contributed to the absence of significant fatigue effects on time perception in this study.
Other study limitations include the sample bias toward women and the preponderance of breast cancer diagnoses, as well as the retrospective design which did not allow us to assess the effects on time perception of variables which can influence cognition (e.g., physiological variables such as oxygen saturation, body temperature, and electrolyte balance, depression, and medication effects) but for which measurements were not available.
Of the factors considered in the model, cancer diagnosis was the best predictor of altered time perception during VR immersion (R 2 =0.109). Alteration was greatest in breast cancer patients who perceived treatment time as passing the most rapidly. The model controlled for gender, so this difference in time perception is most likely attributable to diagnosis rather than gender. Lung cancer patients showed minimal alteration in time perception; the mean difference between their estimates and actual time in VR immersion was only 3.5 min. Some studies [13, 16] have reported greater severity physical and/or psychological symptoms in patients with lung cancer when compared to those with other cancer diagnoses. With respect to the PA model, more severe symptoms may preferentially direct patients' attention to negative stimuli (accelerating pulse generation in the pacemaker) and inhibit their ability to immerse themselves in VR (increasing awareness of the passage of time during chemotherapy). Such patients would thus be less likely to underestimate (and more likely to overestimate) time elapsed during treatment. Baseline symptom severity data available from one of the studies in this aggregate sample suggested that individuals with lung cancer were more likely to self-report pain and breathlessness than those with breast or colon cancer. However, sample size in this study was too small to detect statistically significant differences in these symptoms among diagnosis groups, particularly in the context of the relatively low levels of baseline symptom severity reported by most participants. This study is the first to suggest that diagnosis predicts altered time perception in patients receiving VR during chemotherapy. The regression models explained a relatively low proportion of the variance, so further research using prospective experimental designs should explore: (a) the effects of additional factors (e.g., symptom severity) on diagnosis-related differences in interval estimation and (b) distortions of time perception during VR immersion in more heterogeneous age groups and among patients with varying degrees of anxiety.
Some researchers have hypothesized that therapeutic effectiveness of VR is based on a sense of presence in the environment [10, 30, 42] , an elusive concept that has hitherto been difficult to measure. Further research on the relationship between patients' estimates of time elapsed in VR and its effectiveness as a distracter should explore the validity of altered time perception as an alternative measure of presence.
Previous studies have shown that VR during chemotherapy treatment is generally enjoyable and well received by patients [31] [32] [33] [34] . Patients who estimate the duration of chemotherapy as shorter than actual time elapsed are most likely to be satisfied with this treatment. This study indicates that factors such as diagnosis and anxiety could impact time estimation mechanisms. Given the study findings, this distraction intervention may be better suited for patients who are less symptomatic, such as breast and colon cancer patients.
Clinicians should not assume that all patients will become distracted and experience altered time perception while using VR. Not all patients welcome distraction during unpleasant medical treatments; some may prefer the sense of control of observing clinic routines, and others may appreciate "low-tech" distractions [14, 21] . Still others may require the immersive VR environment to change their focus of attention. VR distraction may considerably improve the ability of this group to tolerate and adhere to chemotherapy. An implication for practice is that understanding the factors that predict patient responses to VR and other interventions can help clinicians develop a "tool box" of strategies for coping with chemotherapy that can be tailored to meet the specific needs of each patient. 
